In vitro antioxidant activity for 12 stannoxanes derived from Ph 3 SnCl (compounds 1-3), Ph 2 SnCl 2 (compounds 4-6), Bu 3 SnCl (compounds 7-9), and Bu 2 SnCl 2 (compounds 10-12), was assayed qualitatively by the chromatographic profile with 1,1-diphenyl-2-picrylhydrazil (DPPH) method and by two quantitative methods: the DPPH radical scavenging activity and Ferric-Reducing Antioxidant Power (FRAP) assays. The results were compared with those obtained with the starting materials 2-pyridinecarboxylic acid (I), 3-pyridinecarboxylic acid (II) and 4-pyridinecarboxylic acid (III), as well as with standard compounds, such as vitamin C and vitamin E, respectively. The in vitro antiradical activity with DPPH of diphenyltin derivative 5 showed a very similar behavior to vitamin C at a 20 g/mL concentration, whereas according to the FRAP method, compound 8 was better. This difference is due to the mechanism of the antioxidant process. The Structure-Activity Relationships (SAR) for both methods is also reported.
Introduction
Bioorganometallic chemistry is dedicated to the study of metallic complexes as well as their biological applications, with a view to designing new drugs offering better performance than those already known. Molecules have been designed for the treatment of cancer [1] [2] [3] , Alzheimer's [4] , neurodegenerative diseases [5] , as therapeutic and diagnosis agents [6] , microbiocides [7, 8] , chelators [9] , among others, where the principal characteristic is the presence of a metallic moiety which increases the biological activity compared to the free organic ligand.
Involved in organometallic chemistry, we are interested in the structural and pharmacological activity of metallic complexes of group 14. These elements have shown great chemical versatility, as a result of their diverse electronegativities and their ability to increase their coordination spheres [10] . Germanium complexes are used in the fabrication of electronic components, chemotherapeutics, and as radioprotective agents [11] , while complexes derived from heavier metals like tin and lead are relevant for their industrial applications as well as for their pharmacological and toxicological activities [11] .
Applications of organotin(IV) compounds, especially those derived from carboxylate ligands, as bactericides [12] [13] [14] [15] [16] , antitumoral [17] [18] [19] , anti-inflammatory [20, 21] and antifungal agents [13, 15, 16, 22] , as wood preservatives and as catalysts [23] [24] [25] and pesticides have been exhaustively studied to find the best performance depending on the ligand attached to the organometallic fragment, as well as the origin of the organotin moiety.
This research is focused on the antioxidant activity of Sn(IV) compounds, to find out if there is an increased activity with the presence of the metallic center. Some authors have indicated that the antioxidant capacity of some flavonoids, like quercetin, is increased when it is complexed with a metallic moiety, for example Cu(II) [26] , Cr(III) [27] or Co(II) [28] . There is little information however on a similar trend of Sn(IV) compounds; although there is information where authors refer that an equimolar mixture of the kaempeferol or quercetin (natural antioxidants) with diphenyltin dichloride (Ph 2 SnCl 2 ) or triphenyltin chloride (Ph 3 SnCl) resulted in a higher antioxidant activity than that of kaempeferol or quercetin alone [29, 30] .
Results and Discussion
Pyridinecarboxylic acid isomers I-III (Figure 1 ) are ligands with known biological activity [31] [32] [33] [34] [35] , but no antioxidant activity is reported for any of them as we could corroborate running the DPPH and FRAP methods used in this work. The stannoxanes were synthesized as reported in the literature, all spectroscopic data are according to those reported for compounds 1-3 [36, 37] , 7-9 [38] and for 4-6 [36, 39] . Here we have included the microanalyses as further evidence. Compounds 10-12 were synthesized using a modified method reported by Gielen [40] , the details and spectroscopic data for those compounds are summarized in the Experimental section and the structures are shown in Figure 2 . [36, 37] ; hexacoordinated diphenylstannoxanes 4-6 [36, 39] ; tetracoordinated tributylstannoxanes 7-9 [38] ; pentacoordinated dibutylstannoxanes 10-12. Tin atom coordination number is important because the SAR analysis depends on it; this information allows us to compare the antioxidant activity of stannoxanes 1-12 ( Figure 2 ) with other reported activities, such as antitumoral and bactericidal activities. In Figure 2 different stannoxane structures may be observed: the presence of N atom and the versatility of carboxylic group showed a variety of geometries such as tetrahedral (7) (8) (9) , bipyramidal trigonal (1-3 y 10-12) and octahedral (4) (5) (6) in addition to the higher solubility in non-polar solvents provided by butyl rather than phenyl entities.
Thin Layer Chromatographic (TLC) profile modified with DPPH method
A very useful method to measure the antiradical activity of a compound is the one based on the use of the stable free radical DPPH, the electronic delocalization of this radical is responsible for its characteristic deep violet color. Compounds capable of donating a hydrogen atom will convert the DPPH radical into its reduced form, a neutral stable molecule, resulting in a color switch from deep violet to pale yellow [41, 42] , this method was selected because of its simplicity and worldwide acceptance, and the fact it enables us to compare results [43] with the ones already reported.
This assay was performed before the quantitative method to determine if stannoxanes were capable of stabilizing a radical molecule or not. No data concerning this kind of assays with stannoxanes could be found in the literature, so no comparison with other stannoxanes was possible. Nevertheless, there are reports concerning quantitative assays with metallic complexes of metals other than Sn(IV), which will also be discussed. 
DPPH radical scavenging activity
There are literature reports of metallic complexes where the ligand has antioxidant activity and it is expected that the metal moiety will increase its activity [26, 29, [44] [45] [46] . In this case, the three heterocarboxylic acid isomers show a moderated antioxidant activity even though, their use in diverse applications has been reported, for example, ligand II is an antihyperlipidemic drug and its widely used in patients with atherosclerosis [47] ; also for ligand III, some authors refer its wide biological applications but these do not include antioxidant activity [48] . Ligands I-III (Figure 1 ), were tested for their antiradical activity at a concentration of 20 g/mL. Figure 4 shows the antiradical activity of free ligands I-III at 60 min compared with vitamin C; the three isomers reach scarcely the 50% of antiradical activity. This information is consistent with that reported in a study on the inhibition of oxidation of Low Density Lipoproteins (LDL) where authors found that 2,6-pyridinedicarboxylic acid inhibited the oxidation of LDL, and no such activity on LDL was found for 2-pyridinecarboxylic acid (ligand I) [49] . Next the antiradical activity of the stannoxane complexes was tested at 60 min at a 20 g/mL concentration in order to identify the molecule with best activity for each compound and be able to evaluate the structure-activity relationship [42, 50] .
The evaluation of stannoxanes proceeded under the same conditions as for ligands I-III, and the DPPH scavenging activity results for stannoxanes 1-12, showed that stannoxanes 5, 6 and 11 ( Figure  5 ) presented the best percentage of antiradical activity. The presence of the metallic moiety increased the antioxidant activity of the ligand because their proton donor capacity was enhanced. It is important to notice that stannoxane 5 had a very similar behavior to vitamin C. This is a promising result in the wide spectrum biological activity of organotin(IV) compounds; because this kind of compounds could also show a relevant antioxidant activity despite the fact of their implicit toxicity [51] . It seems that a diphenyltin moiety could participate in the antioxidative activity. Gabrielska et al. [29] found that the addition of Ph 2 SnCl 2 to quercetin increased its antioxidant activity. In our research, ligand II did show a moderate antioxidant activity towards the DPPH stable free radical, but the complex derived from this ligand and Ph 2 SnCl 2 ( Figure 2 , compound 5) did show a high percentage of scavenging activity ( Figure 5 ). This information confirms that the observed antioxidant activity is increased by the presence of a Sn(IV) metal center, as previously reported for other metals [26, 44, 45] .
The effect of stannoxanes 5, 6 and 11 on DPPH radical scavenging could be due to their hydrogen donating ability. A possible exchanging mechanism is that in which a proton from the ligand is donated and the charge is stabilized through the entire complex, changing its charge delocalization capacity as shown in Scheme 1. The structure-activity relationship of the 12 stannoxanes ( Figure 5 ) presents a behavior in which hexa-and pentacoordinated compounds (4-6 and 10-12) are the most capable for antiradical activity with DPPH. In the hexa-and pentacoordinated compounds the pyridine nuclei is uncovered in the structure because of the intramolecular coordination of the carboxylic group, except for compounds 4 and 10, where the nitrogen of the pyridine nuclei is coordinating to the Sn(IV) center; for compounds 10-12 the presence of a O-CH 3 group favors the proton donating ability. Compound 5 showed the best antiradical activity of the 12 stannoxanes. 
Ferric-reducing antioxidant power assay (FRAP)
We have screened antioxidant activity of the stannoxanes to evaluate their electron-donating activity [52] by the FRAP method, which is one of the most commonly used for this purpose. Analyzing their structures, their electron donating capacity can be explained by the presence of the free carboxylate group, as in the case of compounds 4 and 3 derived from diphenyltin and triphenyltin, respectively. We can argue that the electron-donating character of butyl group in 8 and 7, and the electron-withdrawal of phenyl group in 4 and 3 are not determining their ferric-reducing power, in contrast to the coordination form of tin entity, because 8 and 7 are tetracoordinated and 4 and 3 are hexacoordinated molecules.
There are no data to compare these results with other metallic complexes; especially with organometallic compounds derived from Sn(IV). In this research, it is proposed a mechanism where an electron is donated in all analyzed complexes, the carboxylate group is exposed and the radical cation is delocalized through a four-member heterometallic cycle (Scheme 2). We continue working on this field to confirm this statement. 
Experimental

General
For the synthesis of compounds 1-12, all chemicals were reagent grade and were used without further purification. For the characterization of the compounds to compare results with those reported in the literature, melting points were measured by the capillary method in a Mel-Temp apparatus, and data are uncorrected. IR spectra were recorded on a Perkin Elmer FT-IR 1600 spectrophotometer using an ATR unit for solids in the 4,000-400 cm -1 range. The NMR spectra were obtained in CDCl 3 and DMSO-d 6 Sn data was not recorded because of the insolubility of the mixture in DMSO-d 6 , and the partial solubility just let us obtain the 1 H and 13 C data. Antiradical activity with DPPH absorbance was measured with a Bio-Rad Benchmark microplate reader at 570 nm. Ferric-reducing antioxidant power assay absorbance was measured on a Perkin Elmer Lambda 2S UV/VIS spectrometer at 700 nm, the incubation of the samples was carried out at Pierce Reacti-Therm Heating Module and centrifugation of the samples was done at a Heraeus 3 S-R multifuge.
Synthesis
Organotin compounds were synthesized following the method reported by Gielen et al. [40] with some modifications. The reactions were carried out in benzene solution for complexes 1-3 and 7-9 and in a mixture of toluene/methanol for complexes 4-6 and 10-12 to assure the synthesis and purity of compounds the 1 H, IR spectra and melting point (m.p.) data were compared with those reported in literature; for compounds 1-3 [36, 37] , for 4-6 [36, 39] , and for 7-9 [38] , these all were in agreement. 
Triphenyltin(IV) 2-pyridinecarboxylate (1)
.
Thin Layer Chromatographic (TLC) profile modified with DPPH method
The methodology reported by Conforti et al. [54] was applied with modifications, due to the fact that characteristically the organometallic fragment of stannoxanes can bind to the TLC layer and possibly leave free the organic fragment; in this case the chromatographic layer was not developed in any solvent, so, the stannoxanes were applied in the TLC layer and left to dry under room conditions. A 200 g/mL CHCl 3 solution of each stannoxane 1-12 as well as the ligands I-III and a 0.2% DPPH methanolic solution were prepared. A standard of vitamin C at 200 g/mL concentration was also prepared. After that they were applied to TLC layers as spots of approximately 10 L of each compound as well as the vitamin C standard and allowed to dry under room conditions for 30 min. Then the layers were submerged in 0.2% DPPH solution. Once the reaction of the free stable radical was finished (about 5-8 min) a discoloration was shown in the spot applied for any compound showing antioxidant activity.
Antiradical activity measurement with DPPH
The antiradical activity of the stannoxanes derived from pyridinecarboxylic acids was carried out using the method proposed by Blois [55] ; dilutions in DMSO solvent for the 12 stannoxanes and ligands I-III at 20 g/mL, and a 0.01 mM methanolic solution of DPPH stable radical were prepared.
Dilutions of the stannoxanes and ligands were applied in a 96-well microplate and a blank without sample was also prepared. After the application of all the compounds the 0.01 mM DPPH solution was added and absorbance at time zero (T = 0) was immediately measured using a UV wavelength of 570 nm. Measurements were performed every 5 min until 30 min was completed and every 15 min until 90 min were completed. Vitamin C was used as standard molecule at a 20 g/mL concentration.
Antiradical activity evaluation for stannoxanes 1-12 and ligands I-III was measured in terms of absorbance decrease at 570 nm of DPPH methanolic solution produced by the effect of each stannoxane or ligand as a result of their ability to donate a hydrogen giving place to the reduced form of DPPH radical (pale yellow solution). The amount of DPPH reduced form was determined in every established period of time using the following equation: [(Ao-Ae)/Ao]*100, where Ao corresponds to the absorbance of sample without stannoxane and Ae corresponds to the absorbance of sample with stannoxane.
In this article, we decided to do an analysis of antiradical activity at 60 min (T = 60 min) at 20 g/mL concentration in order to present the best activity for each compound and ligand and be able to evaluate the structure-activity relationships [42, 50] .
Ferric-reducing antioxidant power assay (FRAP)
The ability of the stannoxanes 1-12 as well as the ligands I-III to reduce iron(III) was carried out by the method reported by Hinneburg et al. [52] , scaling it to a micro method as follows: a 2 g/mL solution of each stannoxane and ligand in DMSO was prepared. In an assay tube 400 L of stannoxane solution, 1000 L of PBS buffer, and 1000 L of K 3 Fe(CN) 6 , were added and this mixture was incubated for 30 min at 50 ºC, after this, 10% trichloroacetic acid solution (1000 L) was added to the sample and this mixture was stirred for one minute and centrifuged at 1,500 rpm for 10 min; after the centrifugation a 1000 L aliquot of the supernatant was taken and transferred to a clean assay tube where 0.1% FeCl 3 solution (200 L was added. The absorbance of this mixture was recorded at 700 nm in an UV-spectrophotometer, the values are presented as means ±SD, n = 3.
Conclusions
Two methods were used to determine the antioxidant power of stannoxanes; the proton and the electron donating ability were determined, and the results show that the bound and free pyridine and carboxylic nuclei were determinant for this, and the butyl-and phenyl groups play an important role in tin(IV) coordination, because of their electron-donating and electron-withdrawing capabilities. The results show that six of the twelve stannoxanes evaluated are good radical scavengers, compounds 5 > 6 = 11 in the DPPH quantitative assay and compounds 8 > 7 = 3 in the FRAP method. The most promising compound, in the context of this work, is compound 5. For DPPH, diphenyltin and dibutyltin (hexa-and pentacoordinated respectively) were the best, being the most active diphenyltin-bis-(3-pyridinecarboxylate) (compound 5) the most active. In the FRAP method tributyltin-3-pyridinecarboxylate (compound 8, tetracoordinated) was the most active derivative.
